Abbreviations used in this paper: CNS, central nervous system; DRG, dorsal root ganglion; FN, fibronectin; KO, knockout; wt, wild-type.

Introduction
============

L1 is one of the most intensely studied adhesion molecules expressed in the developing central and peripheral nervous system ([@bib19]). L1 is important in neuronal migration, axon growth, guidance, fasciculation, and synaptic plasticity. L1 is also expressed in nonneuronal cells such as the immune system, kidney, pigment cells, and a variety of cancers. L1 is a member of the Ig superfamily and binds to several extracellular ligands, such as the proteoglycan neurocan, integrins, axonin-1/TAG-1, and contactin/F3/F11, as well as binding to itself in a homophilic manner. L1 is an integral membrane protein with six Ig domains, five fibronectin (FN) type III domains, and a highly conserved cytoplasmic tail. It has been reported that all immunoglobulin domains Ig1--Ig6 and the FN 2 domain of L1 are involved in homophilic binding ([@bib43]; [@bib44]; [@bib8], [@bib9]; [@bib20]; [@bib17]). The first Ig domain supports binding to neurocan ([@bib27]). The sixth Ig domain, which contains RGD sequences (two in mice, one in humans), is capable of promoting neurite growth for some (but not all) neurons by binding to an integrin or homophilically to L1 itself ([@bib32]; [@bib25]; [@bib42]; [@bib39]). The third FN domain also has an integrin-binding site ([@bib35]). Finally, L1 also functions in repellent cell interactions with the first Ig domain binding to neuropilin to form a coreceptor for sema3a ([@bib4], [@bib5]).

A number of X-linked forms of mental retardation have been linked to mutations in the L1 gene, including X-linked hydrocephalus, MASA syndrome (mental retardation, aphasia, shuffling gait, adducted thumbs), agenesis/dysgenesis of the corpus callosum, and X-linked spastic paraplegia ([@bib19]). Symptoms vary among affected family members and between families, and 143 different mutations in the human L1 gene have been reported ([@bib39]). More severe consequences are associated with mutations of the extracellular region, which may disrupt adhesion and signaling, whereas milder symptoms occur with mutations in the cytoplasmic domain, which may alter only signaling or interactions with the cytoskeleton ([@bib40]; [@bib19]).

Knockouts of the L1 gene in mice (L1-KO mice) have been generated in two laboratories, and have been intensely examined in order to define the molecular basis of human syndromes with L1 ([@bib7]; [@bib6]; [@bib14]). L1-KO mice showed reduced corticospinal tract, abnormal pyramidal decussation, decreased axonal association with nonmyelinating Schwann cells, ventricular dilatation, and hypoplasia of the cerebellar vermis. Demyanenko and colleagues reported abnormal morphogenesis of cortical dendrites, showing that pyramidal neurons in layer V exhibited undulating apical dendrites that did not reach layer I, as well as a smaller hippocampus with fewer pyramidal and granule cells ([@bib11]) and altered distribution of dopaminergic neurons in the brain of L1 null mice ([@bib12]). There is also a reduced size of corpus callosum because of the failure of many callosal axons to cross the midline. These findings suggest a variety of biological roles for L1 that are critical in brain development in different brain regions.

To assess which of the L1 interactions underlie the defects observed in the L1-KO mice, we generated a new knock-in mouse in which the sixth Ig domain of L1 was deleted (L1-6D). This deletion would be expected to prevent L1--L1 homophilic binding and L1 binding to RGD-dependent integrins, but not to disrupt interactions with neurocan or neuropilin. As expected, cerebellar granule cells from L1-6D mice on the 129/Sv background exhibited neither adhesion nor axonal growth on an L1-Fc substrate, whereas L1 binding to neurocan and neuropilin was preserved. The L1-6D/129/Sv mice brains showed normal development of the decussation of the corticospinal tract, thalamocortical tract, and corpus callosum, as well as appropriate anatomical features. The results show that axonal guidance and neuronal migration in the central nervous system (CNS) of 129/Sv mice can develop normally without L1 binding to L1, TAG-1, F3, and β1 integrin, in marked contrast to the L1-KO mice. Interestingly, like the L1-KO mice ([@bib7]), crossing the L1-6D mutation onto the C57BL/6 background resulted in a dramatic hydrocephalus. By the fifth backcross to C57BL/6, the L1-6D mutation caused embryonic lethality. These results suggest that L1 homophilic binding underlies the L1-induced hydrocephalus and lethality on some genetic backgrounds.

Results
=======

L1-6D does not support α5β1 integrin binding or L1 homophilic binding, but does bind neurocan and neuropilin
------------------------------------------------------------------------------------------------------------

mAbs to different regions of mouse L1 were used for the initial characterization of L1-6D mice (see binding sites of mAbs in [Fig. 1](#fig1){ref-type="fig"} A). Splenic lymphocytes from 129/Sv mice, L1-6D mice, or animals in which the L1 sixth Ig domain was targeted by loxP but not deleted were tested by fluorescent staining with the two mAbs against the ectodomain of L1, mAbs 324 and 555, respectively. As shown in [Fig. 1](#fig1){ref-type="fig"} B, mAb 555 staining was similar on all cell populations analyzed. In contrast, mAb 324, which recognizes an epitope close to the sixth Ig domain and can block RGD-dependent binding to L1 ([@bib32]), showed reduced staining on L1-6D splenocytes. These findings show that L1 in L1-6D mice was expressed at comparable levels to control mice, but was structurally altered. To verify that the L1 cytoplasmic part was correctly expressed after Cre-mediated deletion of the sixth domain, wild-type L1 (L1-wt) and L1-6D splenic lysates were probed by Western blot analysis with mAb 74-5H7, an antibody that binds to the L1 cytoplasmic domain ([@bib34]). As shown in [Fig. 1](#fig1){ref-type="fig"} C, the mAb recognized L1-wt and L1-6D at similar levels. Most noteworthy, L1-6D was ∼20 kD smaller in size than L1-wt.

![**Analysis of L1-6D expression.** (A) Map of L1 indicating location of mAb-binding sites by asterisks: 555 binding within the FN repeats, 324 at the sixth Ig domain, and 74-5H7 in the cytoplasmic domain of L1. (B) FACS^®^ analysis of L1 expression on splenic lymphocytes from wt mice (L1-wt), mice with the L1 sixth Ig domain deleted (L1-6D), and exons coding for the sixth Ig domain surrounded by loxP sites and containing a neomycin cassette (L1-loxP). mAb 555 shows equal expression levels on all three types of splenic lymphocytes, but mAb 324 shows reduced expression in L1-6D mice. (C) Western blot analysis of L1 expression from lymphocytes from L1-wt and L1-6D mice. Two different antibodies showed similar expression levels in both types of mice. (D) Attachment of B16F10 cells to L1 purified from L1-wt and L1-6D or FN. ELISA showed that similar amounts of L1 were coated onto the glass substrates, but the B16F10 cells bound to L1-wt (but not L1) from the L1-6D mice. The cells also bound to FN. (E) L1 binding to neurocan. Neurocan was immobilized on Immobilon membranes and was incubated with purified L1 from L1-wt and L1-6D mice. Bound L1 was detected by mAb 555. Both types of L1 were able to bind to neurocan, but not to BSA. (F) L1 binding to neuropilin. Neuropilin-1 (NP 1) was immunoprecipitated, and the immunoprecipitation was probed on Western blots with antibodies to NP1 and L1. L1 was found in the immunoprecipitations from wt and L1-6D mice, but not L1-KO mice. The reverse immunoprecipitation, with anti-L1 (antibody 555), revealed NP1 in the immunoprecipitations from L1-6D mice and wt mice, but no NP1 immunoreactivity was seen in L1 immunoprecipitation from L1-KO mice. Asterisk indicates the L1 cleavage fragment L1-180.](200312107f1){#fig1}

The sixth domain of L1 supports integrin-mediated binding of cells to L1 ([@bib32]; [@bib27]). Previous work has shown that B16F10 melanoma cells bind to L1 via α5β1, and cell binding is totally abolished by mAbs to α5 and β1 integrins or by mutagenesis of both RGD sequences in the sixth domain ([@bib27]). To investigate whether L1 from L1-6D mice showed impaired integrin-mediated binding, L1-6D and L1-wt, for control, were isolated by immunoaffinity purification from spleen and brain Triton X-100 lysates. Eluted peak fractions of each affinity column were coated to glass slides and tested for B16F10 cell binding. As shown in [Fig. 1](#fig1){ref-type="fig"} D, purified L1-6D was unable to support B16F10 cell binding due to the lack of RGD sites in the deleted sixth domain. Binding of cells to L1-wt and FN was as expected from previous work ([@bib27]).

To further prove that L1-6D was functionally active, we analyzed its binding to neurocan. Neurocan interacts with L1 via the first Ig domain ([@bib27]). As shown in [Fig. 1](#fig1){ref-type="fig"} E, both L1-wt and L1-6D could efficiently bind to immobilized neurocan. Collectively, the results suggest that L1-6D has lost the ability to support α5β1 integrin binding, but is still capable of interacting with neurocan.

L1 has been shown to interact with neuropilin via the first Ig ([@bib5]) and to participate in sema3a signaling ([@bib4]). Immunoprecipitations of neuropilin-1 from L1-6D, wt, and L1-KO mice revealed L1 in the immunoprecipitation from the L1-6D brain, as well as wt (but not L1-KO) mice ([Fig. 1](#fig1){ref-type="fig"} F). The reverse immunoprecipitation of L1 from mouse brains also showed that neuropilin-1 associated with L1 from L1-6D and wt mice. Interestingly, we constantly observed that L1-6D brains contained much less L1-180 than wt brains. L1-180 is a proteolytic cleavage product of L1 in the third FNIII repeat that can be generated by plasmin ([@bib26]) or proprotein convertase PC5A ([@bib18]). To demonstrate that sema3a signaling was preserved in L1-6D mice, we conducted growth cone collapse assays using dorsal root ganglion (DRG) neurons from P8 mouse pups and standard procedures. Sema3a resulted in a marked collapse of growth cones in L1-6D mice (65.7% ± 3.1; mean ± SD) and wt mice (59.3% ± 4.2), but not L1-KO mice (40.3 ± 1.5). The results from L1-6D and wt mice were not significantly different, but both were significantly different from L1-KO, at least at the 0.001 level. Untreated cultures had ∼40% collapsed growth cones. These data show that the L1--neuropilin interaction is preserved in L1-6D mice, and that this is capable of mediating growth cone collapse.

When cerebellar neurons from L1-6D mice were plated on laminin, they attached and sent out neurites in a fashion indistinguishable from control neurons ([Fig. 2, A and B](#fig2){ref-type="fig"}) . In contrast, L1-6D neurons did not attach or send out neurites on L1-Fc chimeras, whereas control neurons did ([Fig. 2, C and D](#fig2){ref-type="fig"}). This is similar to the results obtained from L1-KO neurons ([@bib14]), and demonstrates that the L1-6D mice have lost L1--L1 homophilic binding. Immunohistochemical analyses of developing brain from L1-6D mice indicate that L1-6D neurons express similar amounts of L1 on their surface to control neurons (unpublished data).

![**Cerebellar neurons from L1-6D mice fail to attach to L1.** Neurons from L1-wt (A and B) and L1-6D (C and D) were incubated in dishes coated with purified L1 (A and C) or laminin (B and D). Although L1-wt neurons attach and send out neurites on both L1 and laminin, the L1-6D neurons do not attach or send out neurites on L1. Bar, 5 μm.](200312107f2){#fig2}

Morphological analyses
----------------------

The brains from L1-6D mice on the 129/Sv genetic background showed no gross anomalies with normal proportions of cerebrum, cerebellum, and brain stem, and no hydrocephalus. Histologically, the cerebrum had normal lamination with no significant neuronal loss nor decrease in white matter. The distribution and the number of GABAergic interneurons immunoreactive for different calcium-binding proteins such as parvalbumin, calbindin, and calretinin showed no significant alterations ([Fig. 3](#fig3){ref-type="fig"}) . The hippocampus showed normal cytoarchitecture with no significant neuronal loss of pyramidal neurons in CA1--CA3 and of granule neurons in the dentate gyrus ([Fig. 4, A and B](#fig4){ref-type="fig"}) . The direction and density of the axons and dendrites of pyramidal cells in the CA regions showed no significant differences as compared with control mice brains ([Fig. 4](#fig4){ref-type="fig"}, C--F). The mossy fibers projected normally from the granule cells in the dentate gyrus to the CA3 region. The basal ganglia showed normal cytoarchitecture, and the internal capsule was thick and well fasciculated based on neurofilament staining. The thalamus showed well-demarcated nuclei and neurofilament-immunoreactive abundant fiber bundles of thalamocortical tract. The motor nuclei, such as oculomotor nucleus, motor trigeminal nucleus, facial nucleus, and hypoglossal nucleus, substantia nigra, reticular formations, red nucleus, pontine nuclei, and inferior olivary nucleus, were observed in normal positions in the brain stem. The substantia nigra and ventral tegmental area appeared normal in the ventral tegmentum of the mesencephalon based on immunohistochemistry for tyrosine hydroxylase ([Fig. 5, A and B](#fig5){ref-type="fig"}) .

![**GABAergic neurons of the cerebral cortex showed normal distribution in L1-6D mice.** L1-wt (A--C) and L1-6D (D--F) mice. The distribution and number of GABAergic interneurons expressing different calcium-binding proteins showed no significant differences between the two groups. A and D, calbindin; B and E, calretinin; C and F, parvalbumin, Bar, 50 μm.](200312107f3){#fig3}

![**Hippocampus showed normal cytoarchitecture in L1-6D mice.** L1-wt (A, C, and E) and L1-6D (B, D, and F) mice. (A and B) Cytoarchitecture of the hippocampus is normal in L1-6D mice. Kluever-Barrera stain. (C and D) Immunohistochemistry for MAP2. Dendrites of pyramidal cells in the stratum lucidum and stratum radiatum of CA regions and those of granule cells in the dentate gyrus showed no significant differences. (E and F) The distribution of neurofilament-positive neurites in the stratum lacunosum-moleculare were similar in both groups. Bar: (A and B) 500 μm; (C--F) 150 μm.](200312107f4){#fig4}

![**Tyrosine hydroxylase--immunoreactive neurons in the midbrain of L1-6D mice had normal distributions.** L1-wt (A) and L1-6D (B) mice. The distribution of tyrosine hydroxylase--immunoreactive dopaminergic neurons showed no significant differences. Bar, 500 μm.](200312107f5){#fig5}

Intensive immunohistochemical analyses showed normal appearance of calbindin-immunoreactive dendritic trees of Purkinje cells in the molecular layer, phosphorylated neurofilament-positive axons surrounding the Purkinje cells, and MAP2-immunoreactive dendrites in the molecular layer ([Fig. 6](#fig6){ref-type="fig"} , A--D).

![**The cerebellum of L1-6D mice had normal cytoarchitecture.** L1-wt (A and B) and L1-6D (C and D) mice. The dendritic tree of Purkinje cells expressing calbindin in the molecular layer (A and C); or phosphorylated neurofilament-positive axons surrounding Purkinje cells and in the molecular layer (B and D) showed no significant differences. Bar, 25 μm.](200312107f6){#fig6}

The spinal cord showed normal cytoarchitectonic regions, laminae I--IX, and substantia gelatinosa; lamina I and II showed intense immunoreactivity for CGRP and substance P, suggesting normal nociceptive innervation of the dorsal ganglion cells in L1-6D, L1-KO, and control mice ([Fig. 7](#fig7){ref-type="fig"} , A--C). This suggests that the abnormal nociception reported in L1-KO mice ([@bib37]) is not due to abnormal projections into the spinal cord.

![**Immunohistochemistry for calcitonin gene--related peptide of the cervical spinal cord.** Abundant immunoreactive fibers were observed in lamina I and II of the dorsal horn at the level of C4; a few fibers crossed at the midline, which suggested normal nociceptive innervation of DRG axons. A, L1-wt; B, L1-6D; C, L1-KO. Bar, 250 μm.](200312107f7){#fig7}

It has previously been shown that the corticospinal tract is abnormal in L1-KO mice ([@bib7]; [@bib6]). In contrast, in the L1-6D mice, the pyramidal tract, including subcortical white matter, internal capsule, cerebral peduncle, medullar pyramid, and dorsal column of the spinal cord, and commissural fibers such as corpus callosum, anterior, posterior, and hippocampal commissures, showed normal thickness and fiber fasciculation. The corticospinal tract was anterogradely labeled from a unilateral injection in the motor cortex. The path was observed through ipsilateral internal capsule, cerebral peduncle, pontine and medullar pyramidal tract, and pyramidal decussation at the caudal medulla and the contralateral dorsal pyramidal tract of the spinal cord as far as the Th12 level ([Fig. 8](#fig8){ref-type="fig"} , A--F). The position of the projection pathway, cross-sectional area (measured area: 3451.0 ± 769.0 in control and 3227.7 ± 640.9 as shown by pixel number), and fasciculation of the tract showed no significant differences as compared with those of control mice. In L1-KO mice, as expected, the size of pyramidal tract was significantly decreased (measured area: 1380.25 as shown by pixel number) and abnormal pyramidal decussation, showing more fibers projecting to the ipsilateral dorsal medulla, was observed. Examination of the corticothalamic and thalamocortical tracts for abnormalities in fascicle thickness or pathfinding revealed no differences between L1-6D mice and control mice (unpublished data).

![**Calcitonin gene--related peptide-positive DRG neurons showed normal projections into the spinal cord of L1-6D and L1-KO mice.** In L1-KO (F), the pyramidal tract was hypoplastic and labeled fibers projected to the ipsilateral dorsal medulla. A, injection site; B, pons; C, pyramidal decussation; D, spinal cord (C6) in L1-6D mouse; E, pyramidal decussation in L1-wt; F, pyramidal decussation in L1-KO mouse. Bar: (A and B) 500 μm; (C--F) 250 μm.](200312107f8){#fig8}

When L1-KO mice are backcrossed onto the C57BL/6 genetic background, severe hydrocephalus is observed ([@bib7]). Backcrossing the L1-6D mice onto the C57BL/6 strain gave a similar dramatic result ([Fig. 9](#fig9){ref-type="fig"}) . Continued backcrossing onto the C57BL/6 background produced embryonic lethality ([Table I](#tbl1){ref-type="table"}) . From G5 to G9, of 157 offspring only 9 were males with the L1-6D mutation. In contrast, 63 wt males were obtained. They should be in equal proportion. In addition, the L1-6D males that were born all died before P6. Backcross of the L1-6D mutation onto the 129/Sv strain showed no evidence of embryonic lethality, whereas backcross of the L1-KO mutation gave a weak effect with 17% of the offspring being affected males rather than the expected 25%.

![**Hydrocephalus in L1-6D on C57BL/6.** Crossing the L1-6D 129/Sv with C57BL/6 and then one backcross to C57BL/6 produced L1-6D males with severe hydrocephalus. Bar, 3 mm.](200312107f9){#fig9}

###### Viability on different genetic backgrounds

     L1-KO   L1-6D                                                                
  -- ------- ------- ------- ------- ------------ ------- ------- ------- ------- ------------
     m −/Y   m +/Y   f −/+   f +/+   \# of mice   m −/Y   m +/Y   f −/+   f +/+   \# of mice

On the 129/Sv genetic background, both L1-KO and L1-6D produced a slightly lower percentage of mutant males than expected. However, on the C57BL/6 genetic background, after five generations of backcross there was a severe lethality with only a small percentage of affected males being born for either L1-KO or L1-6D. Of the −/Y males that were born, none survived until P6. These data are from a compilation of births from G5 to G9.

Discussion
==========

The production of a new mouse line in which the sixth Ig domain of L1 has been deleted has provided an opportunity to study how different molecular interactions between L1 and extracellular ligands contribute to the defects observed in L1-KO mice and in humans with X-linked hydrocephalus. The L1-6D isoform of L1 is expressed on the cell surface, and based on epitope mapping, retains the expected structure of L1 minus the sixth Ig domain. The L1-6D isoform lost its ability to bind to L1 in a homophilic manner. It also lost its ability to bind α5β1 integrin. However, it retained its ability to bind to neurocan and neuropilin. L1-6D mice on the 129/Sv background are remarkably normal. Extensive examination of a variety of adult brain regions failed to reveal cytological changes, alterations in cell numbers, or changes in axon guidance. These observations are particularly important because the brain regions analyzed were selected based on their abnormal development in the L1-KO mice. However, when the L1-6D isoform was backcrossed onto C57BL/6, severe hydrocephalus developed in the offspring, and by the fifth backcross resulted in embryonic lethality for carrier males.

Since the initial publications on the phenotype of the L1-KO mice ([@bib7]; [@bib6]; [@bib14]), a number of publications have documented extensive abnormalities in these mice. Like humans with mutations in the L1 gene, L1-KO mice have a variety of defects around the midline and have alterations in neuronal morphology, axon guidance, and behavior. Thus, we were surprised to discover that many of the defects in the CNS of L1-KO mice were missing in L1-6D mice.

Recently, a transgenic mouse line with a C264Y mutation in L1 has been produced. When crossed onto the L1-KO background, a phenotype similar to L1-KO mice was obtained ([@bib31]). This was not unexpected because earlier experiments had indicated that this mutation caused a disruption in cell surface expression of L1 ([@bib10]; [@bib24]). A variety of other mutations also reduce L1 cell surface expression and, regardless of any direct affect on L1 binding, could block L1 function simply as a result of reduced expression. This explanation does not account for the changes observed in the L1-6D mice because they have normal expression patterns for L1 in the brain and on cells in the immune system.

The interaction between L1 and integrins has been intensely studied in migration of cancer cells ([@bib25]; [@bib13]), but only one group has examined how L1--integrin interactions participate in axon growth ([@bib42]; [@bib41]). It was reported that DRG neurons were able to send out neurites on either L1 Ig2 or L1 Ig6 domains. Neurite extension of the Ig6 domain was disrupted by mutating the RGD sites or by using anti-integrin antibodies. In contrast, retinal ganglion cells only sent out neurites on L1 Ig2 ([@bib42]). The data argue that CNS neurons do not use integrins to bind to the RGD-containing sixth domain of L1. Our data showing that axon growth and guidance in the L1-6D mice is normal are consistent with the idea that L1--integrin interactions are not involved in axon extension in the CNS.

L1--L1 homophilic binding has been examined in a variety of systems and has been implicated in axon fasciculation, extension, and guidance ([@bib2]; [@bib22]; [@bib36]). Given the relatively high expression levels of L1 on growing axons, the dramatic effects of anti-L1 antibodies on fasciculation in a variety of in vivo and in vitro experiments, and alterations in patterns of axon growth in L1-KO mice, it is widely assumed that L1 homophilic binding is a critical component of normal CNS development. The data presented in this paper challenge this idea because L1--L1 binding has been disrupted. Previous work, especially by Kenwrick and associates ([@bib8], [@bib9], [@bib10]), has shown that a large number of point mutations in L1 spanning the region from Ig1 to FN2 diminish or block L1--L1 homophilic binding. These same mutations also block L1--TAG-1 or L1--contactin binding, although not always to the same extent. Our data showing that neurons from L1-6D mice do not attach or send out neurites onto normal L1 are consistent with this earlier work. We failed to find decreased cross-sectional area of the corticospinal tract ([@bib6]), nor did we observe alterations in the decussation of the corticospinal tract in the medulla. We also did not see abnormalities in the corpus callosum ([@bib11]) or an altered distribution of dopaminergic neurons ([@bib12]). Because L1-KO mice on the same genetic background do have abnormalities in these projections, it is reasonable to conclude that loss of L1--L1 binding does not account for the abnormal axon growth in L1-KO mice. The same conclusion can be made regarding L1--TAG-1 and L1--contactin interactions (i.e., they do not play essential roles in the axon growth and guidance defects seen in L1-KO mice).

What might account for the axonal defects present in L1-KO mice but absent in L1-6D mice? The most likely explanation appears to be a loss of L1--neuropilin interactions in the L1-KO mice with retention of this interaction in L1-6D mice. Neuropilin is a component of the sema3a receptor. L1 has also recently been shown to be a critical component of the sema3a receptor by binding to neuropilin ([@bib4], [@bib5]). Neurons from L1-KO mice lose their ability to respond to sema3a. L1 and neuropilin coimmunoprecipitate, and the interaction between these two molecules has been mapped to a short peptide in the L1 first Ig domain, including the amino acids "asnkl." L1-KO mice have a defect in the pattern of decussation of the corticospinal tract in the medulla. Interestingly, sema3a expression is found at the point of corticospinal tract decussation and has been implicated in this process. Sema3a has also been shown to be involved in development of cortical apical dendrites ([@bib28]). In L1-KO mice, the dendrites of cortical neurons are abnormal ([@bib11]), yet we did not observe this alteration in L1-6D mice. We found that L1 and neuropilin coimmunoprecipitate in L1-6D mice and that sema3a was capable of inducing growth cone collapse in DRG neurons from L1-6D mice but not in L1-KO mice. The presence of defects in axon and dendrite growth in the L1-KO mice that can be attributed to a loss of sema3a signaling and the absence of those defects in the L1-6D mice makes a strong case that the L1--neuropilin interaction that participates in sema3a signaling is a critical factor in the major CNS defects observed in L1-KO mice and in some humans with X-linked hydrocephalus.

When L1-6D mice were backcrossed onto the C57BL/6 background, severe hydrocephalus occurred and by the fifth backcross the L1-6D mutation was an embryonic lethal in the vast majority of cases. The severe consequences of the L1-6D mutation of the C57BL/6 background are consistent with earlier experiments on L1-KO mice ([@bib7]). They are also reminiscent of human mutations that cause X-linked hydrocephalus. There are numerous examples of families where one affected individual has severe hydrocephalus and a sibling with the same mutation has relatively mild CNS abnormalities. Our data are consistent with the hypothesis that a loss of L1 homophilic binding on the C57BL/6 background is sufficient to cause hydrocephalus. Because TAG-1 KO mice ([@bib15]), F3/contactin KO mice ([@bib3]), and β1 integrin mice ([@bib16]) do not show hydrocephalus, it seems unlikely that the cause of hydrocephalus on the C57BL/6 background is loss of L1 interactions with any of these proteins. The simplest explanation is that the loss of L1--L1 homophilic binding is important in the generation of hydrocephalus, but it is not possible to know for sure based on our data. Determining if L1 homophilic binding or heterophilic binding to TAG-1, F3, or β1 integrins mediates hydrocephalus may be difficult because in vitro analyses show that most point mutations that alter L1--L1 binding also alter L1--F3 and L1--TAG-1 binding. The fact that L1-NrCAM double KOs are embryonic lethal on the 129/Sv background ([@bib33]), along with earlier data on L1-KO mice and our present data, supports the hypothesis that the C57BL/6 background has a gene(s) that interacts with L1 to cause the severe CNS abnormalities. Identification of this gene(s) may be challenging because recovery of all affected offspring in backcross experiments is difficult.

The results from this work also have implications for the hypothesis that fetal alcohol syndrome (FAS) is due, in part, to disruption of L1--L1 binding ([@bib29]). It was noted that patients with FAS have some common features with individuals with X-linked hydrocephalus. Subsequently, it was reported that alcohols can disrupt L1-mediated adhesion, but this result has been challenged ([@bib38]; [@bib1]). It has also been reported that alcohol can inhibit L1-mediated axon growth ([@bib1]). The fact that L1-6D mice do not have axon growth or guidance defects in the 129/Sv background argues strongly that a loss of L1--L1 adhesion does not underlie the abnormalities in FAS.

In conclusion, L1-6D mice brains showed normally developed axon pathways as well as appropriate anatomical features on the 129/Sv background. These results show that axonal guidance and neuronal migration can proceed without L1--L1 homophilic binding. The embryonic lethality on the C57BL/6 background shows that in some genetic backgrounds, L1-mediated adhesion is essential for CNS development. Finally, our data raise the possibility that many of the CNS defects observed in L1-KO mice are due to a loss of sema3a signaling mediated by L1--neuropilin interactions.

Materials and methods
=====================

Animals
-------

All animal experiments described in this manuscript have been approved by our institutional review boards. The mouse in which the sixth Ig domain of L1 was deleted (L1-6D) was generated using a cre/lox approach ([Fig. 10](#fig10){ref-type="fig"}) . In brief, in embryonic stem cells, loxP sites were inserted in the L1 gene via homologous recombination into introns 11 and 14. The embryonic stem cells were injected into blastocysts, and these were transferred into mice. Mice carrying the lox sites were crossed multiple times to obtain mice homozygous for the inserts (L1-6DloxP). These mice were then crossed to Cre-expressing mice to produce a specific KO of the sixth Ig domain. These mice are missing exons 12, 13, and 14 and have a neo cassette immediately preceding exon 15. Lymphocytes from the L1-6D mice were analyzed for L1 expression using FACS^®^ analysis and showed a loss of the expression of the sixth Ig domain epitope, but retain the other important regions of the L1 gene product. For control mice, we used the mice carrying the targeting loxP site but expressing the sixth domain of L1.

![**Targeting strategy for production of L1-6D mice.** (A) Restriction map of part of the L1 gene using BamH1, insertion sites of loxP sites (black triangle), and neomycin cassette and expected structure after crossing to Cre-recombinase containing mice. (B) Southern blot analysis of DNA from L1-6D mice before and after cross with Cre-recombinase mice showing expected size of fragments after BamH1 digestion.](200312107f10){#fig10}

Genetic backcrosses
-------------------

Mice with loxP sites surrounding the L1-6D exons (L1-6DloxP) or deleted L1-6D exons (L1-6D) were backcrossed onto 129/Sv or C57BL/6 background for 5--10 generations. Genotyping was done using PCR methods. Primers for detecting L1-6D mutants: forward, 5′-CCAGCCAGGATCCTAACAAAAGAC-3′; reverse, 5′-GCAGGGCTCCAAGACAAGTGC-3′. Primers for detecting L1-6DloxP mice: forward, 5′-CCAGCCAGGATCCTAACAAAAGAC-3′; reverse, 5′-GTGGAGAGGCTATTCGGCTATGA-3′.

Fluorescent staining
--------------------

The staining of cells with mAbs and FITC-conjugated goat antibodies to rat Ig has been described previously ([@bib23]). Stained cells were analyzed with a FACScan™ analyzer (Becton Dickinson).

Affinity purification of L1
---------------------------

L1 immunoaffinity purification was done essentially as described before ([@bib32]). In brief, a 1% Triton X-100 lysate was prepared from brain and spleen and passed over a nonspecific rat IgG-Sepharose column followed by an mAb 555 Sepharose column. The column was washed extensively and then eluted with 100 mM diethylamine/HCl, pH 11.5, and 150 mM NaCl containing 50 mM β-octyl-glucopyranoside. Fractions of the eluate were neutralized and analyzed by ELISA.

Biochemical analysis
--------------------

Cell lysate was mixed with SDS sample buffer and proteins were separated by SDS-PAGE under reducing conditions. After transfer to an Immobilon membrane by semi-dry blotting, membranes were blocked with 5% skim milk in TBS. Blots were developed with mAbs specific for L1 followed by peroxidase-conjugated goat anti--rat IgG and ECL detection (Amersham Biosciences).

Analysis of neurocan binding by dot blot immunoassay
----------------------------------------------------

For the analysis of L1--neurocan interaction, 0.5 μg neurocan was adsorbed to Immobilon membranes (Millipore) using a dot blot apparatus as described previously ([@bib27]). Membranes were incubated with 100 μg/ml purified L1 protein, and bound L1 was detected by mAb 555 followed by the respective secondary antibodies and ECL detection as described above for Western blots.

Analysis of L1--neuropilin interactions
---------------------------------------

To examine L1--neuropilin interactions, brains were lysed in 1 ml immunoprecipitation buffer (25 mM Hepes, 5 mM EDTA, 1 mM MgCl~2~, 2 mM PMSF, 10% glycerol, and 1% Triton X-100; [@bib4]). Lysates were incubated at 4°C for 30 min, centrifuged for 15 min, and precleared with protein A--Sepharose for 2 h at 4°C. Samples were immunoprecipitated with 1 μg 555 (L1) or with 1 μg anti-NRPI (Oncogene Research Products) overnight at 4°C followed by incubation with Protein G for 1 h at 4°C. This was followed by Western blotting with anti-L1 (555) and anti-neuropilin antibodies.

Collapse assay
--------------

The sema3a expression plasmid ColI-pAG-NT was a gift from J. Raper ([@bib21]). COS-7 cells were grown in DME with 10% FBS and 2 mM GlutaMAX™ and were transfected using the Nucleofector™ kit (Amaxa) according to the manufacturer\'s protocol. Conditioned medium was collected 2 d after transfection and spun down to remove debris. Supernatants were stored in frozen aliquots before their use in the growth cone collapse assay. Western blot with anti-myc antibody was performed to verify the presence of sema3a in the supernatants. DRGs from P8 mice were dissected and dissociated into single cells with dispase and deoxynuclease treatment. Dissociated DRG cells were plated onto LabTek™ 4-well chambered slides (Nunc) coated with poly-lysine and laminin. The procedure for the collapse assay was essentially the same as described previously ([@bib30]). In brief, 200-μl aliquots of sema3a supernatants were added to 500 μl culture medium and mixed well. The cultures were incubated at 37°C in 5% CO~2~ for 1 h. Cultures were then fixed with 4% PFA in PBS. Growth cones without lamellipodia or filopodia were scored as collapsed.

Cell adhesion assays
--------------------

Binding of B16F10 melanoma cells to purified L1 or FN was done as described previously ([@bib32]; [@bib27]). In brief, L1 in β-octyl-glucopyranoside (∼100 μg/ml) was diluted 1:10 with TBS and coated to LabTek™ glass chamber slides (Nunc). FN was coated at 10 μg/ml. Wells were then blocked with 1% ovalbumin in TBS and washed with HBSS containing 10 mM Hepes, 2 mM Ca^2+^, and 2 mM Mg^2+^ (binding buffer). B16F10 cells (5--10 × 10^6^/ml) in binding buffer were added to the coated slides. The binding assay was performed for 30 min at RT without shaking, and the slides were fixed in 2% glutaraldehyde/PBS after briefly dipping into PBS. Bound cells were counted by video microscopy using Image 1.52 software (National Institutes of Health, Bethesda, MD). Data are presented as mean values plus SEM.

Cerebellar granule cells from P8 L1-6D or control 129/Sv mice were dissociated using trypsin and were plated on dishes coated with laminin or L1-Fc as described previously ([@bib14]). After 18 h, the dishes were examined for attachment and neurite growth.

Histology and immunohistochemistry
----------------------------------

For the morphological analysis, adult mice (8 wk of age) were anesthetized by an i.p. injection of a mixture of ketamine, xylazine, and acepromazine, and perfused transcardially with 4% PFA in 0.1 M sodium phosphate buffer, pH 7.3. Brains and spinal cord were removed and post-fixed at 4°C overnight in the same fixative and embedded in paraffin. Embryos (E17) were extracted from the uterus and immediately immersed in the same fixatives at 4°C overnight. 5-μm-thick sections were cut coronally or sagitally for immunohistochemistry, and serial 15-μm-thick sections were cut for Kluever-Barrera stain. Immunohistochemistry for each antigen was performed on 5-μm-thick paraffin sections, following standard protocols for the PAP method. After deparaffinization and quenching of endogenous peroxidase activity by immersing the sections in 3% hydrogen peroxide in methanol for 30 min, antigen retrieval using microwave heating was performed for immunohistochemistry against anti-neurofilament, anti-MAP2, and anti-calbindin-[d]{.smallcaps}-28K. Sections were placed into 10 mM citrate buffer (pH 7.0), then microwaved at 750 W for a total of 9--21 min, with brief interruptions every 3 min to replace the evaporated volume with distilled water. The slides were then cooled to RT in the citrate buffer and transferred to PBS. The sections were blocked in 10% normal goat serum and 1% BSA in PBS, and were then incubated with primary antibodies at 4°C overnight. Sections were rinsed in PBS and incubated in secondary antibodies conjugated with HRP-labeled polymer (EnVision™; DakoCytomation) according to the manufacturer\'s protocol. The reaction product was visualized with DAB. As controls, the primary antiserum was replaced by normal serum at appropriate dilution. Primary antibodies were used for immunostaining as follows: anti-neurofilament (RT97, 1:1,000), anti-MAP2 (1:1,000; Sigma-Aldrich), anti-tau-1 (1:1,000; CHEMICON International), anti-calbindin-[d]{.smallcaps}-28K (1:2,000; Sigma-Aldrich), anti-parvalbumin (1:2,000; CHEMICON International), anti-calretinin (1:500; CHEMICON International), anti-tyrosine hydroxylase (1:500; CHEMICON International), and anti-L1CD (1:1,000; V. Lemmon). The cerebrum, hippocampus, thalamus, basal ganglia, brain stem, cerebellum, and spinal cord were examined.

DiI labeling of the corticospinal and thalamocortical tracts in adult mice
--------------------------------------------------------------------------

For 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyaminide perchloride (DiI; Molecular Probes, Inc.) labeling of the corticospinal tract, adult mice (8 wk of age) were anesthetized by an i.p. injection of a mixture of ketamine, xylazine, and acepromazine. After skin incision of the scalp, a small burr hole was made in the skull at 0.5 mm rostral to bregma using a dental drill. Small crystals of DiI were inserted into the motor cortex. After the injection, the scalp was sutured, bupivacaine was applied to the suture site, and the animals were allowed to recover from anesthesia. After 8--10 wk of post-injection survival time, the animals were perfused transcardially with 4% PFA in 0.1 M sodium phosphate buffer, pH 7.3. Brains and spinal cord were removed and post-fixed at 4°C overnight in the same fixative. 70--100-μm-thick coronal and sagittal vibratome sections were cut and analyzed by fluorescence microscopy. Small crystals of DiI were inserted into the occipital cortex for corticothalamic tract labeling and into the dorsal thalamic nuclei for thalamocortical tract analyses using fixed brains, and were incubated in 4% PFA at 37°C for 2--4 wk. Vibratome sections of the brains were cut coronally or sagitally at 100-μm thicknesses. Photomicroscopy was done on a microscope (model DMLB; Leica), and images were acquired with a camera (RT Slider Spot; Diagnostic Instruments). Adobe Photoshop^®^ 7.0 was used to prepare the images for publication.
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